Background: The optimal site for left ventricular (LV) lead placement in cardiac resynchronization therapy (CRT) remains uncertain. Intra-procedural measures for predicting response to CRT have shown mixed results. Hypothesis: This study analyzed intracardiac electrogram (IEGM) characteristics at implant and assessed patients' response rates (RR) to CRT. Methods: Forty-one consecutive patients undergoing CRT were enrolled. Medically optimized patients in sinus rhythm, with ejection fraction (EF) < 35%, and a dyssynchrony index (DI) > 34 were included. Right ventricular (RV) leads were positioned mid-septum. LV leads were targeted to the latest mechanical activation on echocardiography. IEGMs were measured, assessing intrinsic RV-to-LV delay (int RV-LV), RVpaced delay (RVp-LV), and LV-paced delay (LVp-RV). The difference between LVp-RV and RVp-LV was recorded as delta-LV. Response was defined as improvement of EF > 10%, reduction in LVEDD > 15% and improvement of ≥1 NYHA class. Results: Overall RR was 79%. LV leads were placed in the target location in 91%. Int RV-LV was 101 ± 14 ms in responders; 78 ± 11 ms in nonresponders (p < 0.05). Int RV-LV > 100 had a RR of 87%; int RV-LV < 100 had a RR of 68%. LVp-RV and RVp-LV did not differ significantly between responders and non-responders. Delta-LV > 40 ms had a RR of 56%; delta-LV < 40 ms had a RR of 85%. There was no significant correlation between lead position, DI, QRS duration or EF and IEGM measurements. Conclusions: IEGM measures at implant are easily obtained. Significant intrinsic electrical delay and shorter delta-LV both predict response, even when LV leads are implanted in the targeted mechanically-delayed segment. These assessments of electrical dyssynchrony may be used to determine optimal lead positions and response to CRT.
Introduction
Many multicenter, randomized clinical trials have demonstrated that cardiac resynchronization therapy (CRT) can improve outcomes in the majority of patients with left ventricular (LV) systolic dysfunction and wide QRS complex [1] - [4] . CRT improves heart failure symptoms and reduces hospitalizations and mortality. However, approximately 30% of patients do not respond to treatment [1] - [4] , and the degree of improvement is not uniform. Many studies have therefore been conducted in an attempt to define factors that could improve overall RR [5] [6] .
The implant location of the LV lead has been shown to affect mechanical dyssynchrony, response to CRT and overall mortality [7] . Therefore, mechanical dyssynchrony has so far been the treatment target for CRT, and QRS prolongation indicating electrical dyssynchrony has been used as a surrogate for mechanical dyssynchrony [8] - [12] . Electrical and mechanical dyssynchrony in individuals often correlate, suggesting that baseline electrical characteristics could help predict response to CRT. Although transthoracic echocardiography (TTE) can be used to assist in identifying the area of latest mechanical activation pre-procedure, methods to assess for and find the optimal LV lead position intra-procedurally have had mixed results [13] - [15] . Several studies have measured QRS to LV intracardiac electrogram (IEGM) delays (QLV) and found reasonable correlations with response to CRT [16] . Finding a simple, intra-procedural measure that can be easily and repeatedly assessed will allow the LV lead to be repositioned to the optimal position during the index procedure.
The objectives of this study were to: 1) investigate LV myocardial conduction characteristics using IEGMs of the right ventricular (RV) and LV leads at the time of CRT implantation; 2) assess the correlation of these measures of electrical dyssynchrony with mechanical dyssynchrony; and 3) determine which electrical parameters result in improved RR and therefore predict response to CRT.
Methods
This was a prospective, single centre study of consecutive patients scheduled for CRT implantation according to current guidelines [17] . Specifically, patients were accepted for CRT after a period of medical optimization, all had symptomatic heart failure (NYHA Class II-IV) and left ventricular ejection fractions (LVEF) < 35%. Only patients in sinus rhythm (SR), with LBBB and QRS duration ≥ 120 ms, and dyssynchrony index (DI) > 34 on TTE were enrolled.
Prior to CRT implantation all patients underwent baseline 12-lead ECG, TTE and assessment of NYHA functional class. All patients provided informed consent.
Echocardiography
The echocardiographic examination was performed using the Vivid 7 & 9 (General Electric, WI, USA). LV enddiastolic volume (LVEDV), LV end-systolic volume (LVESV), and LVEF were assessed using the modified Simpson's biplane method. Interventricular mechanical dyssynchrony (IVMD) was assessed as the difference between the QRS to onset of pulmonary artery flow (QRS-PA) and QRS to onset of aortic flow (QRS-Ao), and dyssynchrony was significant if the IVMD was > 40 ms. Intraventricular dyssynchrony was assessed by 2-dimensional color tissue Doppler imaging (TDI) in the 4-chamber, 2-chamber and 3-chamber apical views, and mechanical velocity curves were analyzed. Significant dyssynchrony was defined as a DI > 34, as previously described [18] - [21] .
CRT Implantation Procedure
Transvenous CRT implantation was performed under sedation and local anesthesia. The RV defibrillation lead was positioned in the mid septum defined by fluoroscopic imaging in the anterior-posterior (AP) and left anterior oblique (LAO) 30˚ views. The right atrial (RA) lead was positioned in the RA septum or RA appendage. After venography of the coronary vein tributaries, the LV lead was targeted to the segment of latest mechanical activation identified on pre-procedure echocardiographic TDI. Bipolar and quadripolar leads were both used in this analysis.
Intracardiac Electrical Measures
Intracardiac EGMs were assessed using the pacing programmer of respective device companies. The intrinsic electrical delay (int RV-LV) was measured during intrinsic rhythm from the initial EGM deflection in the RV lead to the earliest peak of the local unipolar signal on each electrode of the LV lead (Figure 1) . The RV-paced delay (RVp-LV) (Figure 2 ) and LV-paced delay (LVp-RV) ( Figure 3) were measured during RV-only pacing and LV-only pacing respectively. The timing difference between the LVp-RV and RVp-LV was calculated as the delta LV. Pacing was performed with an output two-times the measured threshold at a rate of 70 beats/min or 10 beats/min above the patient's intrinsic heart rate.
The absolute QLV interval was measured in SR as the interval from the QRS onset to the first large positive or negative peak of the LV IEGM. Percentage QLV (% QLV) was calculated as the absolute QLV/QRS duration.
According to our unit protocol, all LV leads were successfully repositioned if the int RV-LV electrical delay was <60 ms [13] - [15] .
Post Implant Procedure
All patients were programmed following CRT implantation to biventricular pacing with AV and VV delays programmed according to QuickOpt TM (St Jude Medical, MN, USA) calculations. The specific LV electrode used for pacing was at the discretion of the implanting electrophysiologist and this was maintained until at least the 3-month visit. Data analysis was performed using only the electrode delivering chronic LV pacing. Device interrogation was performed at 24 hours, 2, 6 and 12 weeks to ensure maximal delivery of CRT.
Response to CRT
At 3-month follow-up IEGMs, surface 12-lead ECGs and TTE measures were evaluated. Response to CRT was defined as a combined end-point of improvement in LVEF > 10%, reduction in LV end-diastolic diameter (LVEDD) > 15% and symptomatic improvement of at least 1 NYHA functional class.
Data and Statistical Analysis
The results were presented as mean ± SD. Statistical significance was defined as p < 0.05. Paired and unpaired t-tests and Fishers exact test were used when appropriate. Receiver operating curves analysis was performed to predict effectiveness of individual variables.
Results
Sixty-nine consecutive patients undergoing initial CRT implantation were screened and 44 patients meeting criteria were prospectively enrolled. 10 patients were excluded because of atrial fibrillation (AF), 7 because of QRS duration ≤ 120 ms, 5 due to absence of dyssynchrony on TDI, and 3 due to RBBB. Forty-one (93%) pa-tients completed the 3-month follow-up. One patient did not complete follow-up due to LV lead displacement, 1 due to non-cardiac death, and 1 withdrew due to relocation. Baseline characteristics are shown in Table 1 .
All patients had successful LV lead placement, with 93% (38/41) of LV leads placed in the pre-identified target segment of latest mechanical activation. The target segment was the lateral, posterolateral, or anterolateral segment in 38 patients, the apex in 2 patients and a true anterior segment in 1 patient.
At 3-months follow-up, a mean of 99.1% biventricular pacing was achieved, calculated by the implanted device. The mean programmed AV delay was 131 ± 21 ms and mean VV delay was an LV predominance of 27 ± 13 ms.
32 patients (RR = 79%) were defined as responders to CRT at 3 months. There was a mean EF improvement of 11% and mean reduction in LVEDD of 16%.
The int RV-LV at implant was longer in responders (101 ± 14 ms) compared to non-responders (78 ± 11 ms), p < 0.05. The RVp-LV was 112 ± 15 in responders and 102 ± 17 in non-responders (p = NS). The LVp-RV was 138 ± 20 ms in responders and 149 ± 17 ms in non-responders (p = NS). The delta LV was shorter in responders (21 ± 17 ms) than in non-responders (51 ± 10 ms), p < 0.05.
ROC analysis was used to determine RR for the IEGM characteristics. Patients with int RV-LV > 100 ms had a RR of 87%, while those with int RV-LV < 100 ms had a RR of 68% (Figure 4) . A delta LV > 40 ms was associated with a RR of 56%, compared with a delta LV < 40 ms (RR = 85%) ( Figure 5 ). QLV was 127 ± 14 ms (80%) in responders and 116 ± 15 ms (73%) in non-responders (p = NS). QLV was 125 ± 14 ms (80%) when the LV lead was placed in the target location and 100 ± 7 ms (63%) when in non-target locations. The previously defined QLV > 75% was associated with a RR of 89% and QLV < 75% had a RR of 61% [22] . The correlation between QLV and int RV-LV was modest (r 2 = 0.34). There was no significant difference in baseline QRS duration, LVEF or DI between responders and non-responders. There was no significant correlation between baseline measures of QRS duration LVEF, DI or LV lead position and the IEGM measurements.
Discussion
This prospective study demonstrated that IEGM measurements obtained at implant can predict response to therapy in patients undergoing CRT implantation. There was a correlation between both the EGM measures of intrinsic RV-LV EGM delay (int RV-LV) and delta LV, and response to CRT at 3 months.
CRT has been shown to improve LV systolic function in a significant number of patients with systolic heart failure. In the last decade, a number of randomized, multicenter studies have demonstrated that CRT reduces overall morbidity and mortality, and have established CRT as a fundamental part of the management of LV systolic heart failure [1]- [4] . Despite an overall improvement in cardiac parameters, response to CRT is not uniform, with a documented non-response rate between 20% -40% [4] [6] . Many factors have been postulated to explain such a significant non-response rate, and the LV-lead position is consistently listed as a variable impacting on RR [23] [24] . Attempts to place the LV-lead at the site of latest of mechanical activation have generally yielded positive results in predicting response [25] - [28] , however data remains at best predictive in a population sense. The ability to identify the latest area of mechanical activation is also limited by image quality and reproducibility issues with TTE and other imaging modalities such as gadolinium enhanced MRI [29] [30] . These modalities are also performed pre-procedurally, making it difficult to confirm optimal LV lead position during implantation.
Electrical measures to predict response are appealing as they are easy to perform. In addition, they allow intra-operative assessment of lead location. Acute QRS narrowing with biventricular pacing is poorly predictive of response over time [31] . Various measures of surface ECG to intracardiac LV EGMs, in particular QLV measurements, have shown strong association with reverse remodelling with CRT [22] [32] . The QLV measure in part represents an attempt to place the lead in an electrically delayed segment of the LV. This study has used an alternative measure of electrical delay, and results support that of previous publications which demonstrated that LV leads placed at areas of electrical delay are more likely to result in response to CRT.
The IEGM measures used in this study incorporate both RV and LV leads. The majority of patients with CRT are paced from both ventricular leads and the interaction between the two leads would logically influence response [33] . This result is consistent with several recent studies assessing various other IEGM measures, all of which have correlated longer RV-LV intervals to response to CRT [13] - [15] . A unique aspect of this analysis was the high rate (93%) of LV-lead placement in the target location of latest mechanical activation. This is reflected in the results, where a mean int RV-LV of 96 ms was obtained, as compared to previous analyses (mean int RV-LV = 60 ms) [13] - [15] . In addition, the mean %QLV of 79% and a QLV > 95 ms in 93% of our study population is significantly higher than previous analyses (%QLV = 55%). The data from our analysis adds to the previous work confirming that IEGM measures are useful in predicting response to CRT and confirms that the int RV-LV measure is equally valid even when the LV lead is placed at the targeted zone of latest mechanical activation.
The second and novel finding was that a significant delta LV was associated with poor response to CRT. The delta LV in essence measures the difference in the paced electrical activation from the RV and LV leads. In a heart with homogenous ventricular electrical conduction, the delta LV should be zero. An increasing delta LV reflects slower electrical conduction during LV versus RV-pacing. This most likely represents absolute or functional conduction delay from LV-pacing, and we postulate that the poor response obtained with higher delta LVs reflects LV-pacing in or adjacent to areas of significant myocardial scarring. Further analysis to correlate delta LV and scar using MRI would be valuable. The alternative explanation is that during RV pacing, RV electrical activation is more rapid secondary to recruitment of the specialized conducting system. However, the ability to incorporate the specialized conducting tissue should improve response to CRT, and given our results were contradictory this seems less likely. Other publications that have assessed measures similar to delta LV have reported much lower delta LVs and often delta LV values close to zero.
QLV vs EGM
Previous data on the value of QLV to predict response to CRT was confirmed during this study. Whilst mean QLV did not differ significantly between responders and non-responders, a QLV > 75% produced a similar RR to previous studies. The int RV-LV and QLV are different measures of electrical dyssynchrony. The use of RV to LV EGMs incorporates both ventricular leads and underpins our belief that the relative positions and electrical parameters of both leads are important in CRT response. The finding that the intrinsic EGM delays were significantly better at predicting response to CRT than the RV paced delays was unexpected. Given that all patients were paced close to 100% of the time from the RV lead, we expected this value to be as predictive as int RV-LV in predicting response. In our study, the RV lead was positioned in the mid-septum and different RV lead positions may yield different findings.
Limitations
These data represent a single centre study and the findings overlap that of previous studies measuring QLV. The high percentage of LV leads positioned at zones of latest mechanical activation and our unit policy to reposition all leads to sites with int RV-LV > 60 ms could potentially bias the data. These results however, confirm and emphasize the value of electrical measures to predict response even at "optimal" anatomical locations.
The study population was a carefully selected, relatively homogenous group with strict inclusion criteria, and caution is needed before extrapolating these results to the CRT population as a whole.
Prolonged int RV-LV is a marker of the electrical conduction abnormalities in heart failure patients and prolonged delta LV is a marker of electrical heterogeneity, and whilst these parameters predict response to CRT the mechanistic effects postulated have not yet been proven.
Conclusion
This study demonstrates that IEGM measurements at implant can be easily obtained intra-procedurally using available pacing parameters. Significant int RV-LV delay and homogenous conduction measured as a shorter delta LV, both predicted response to CRT. These electrical measures predict response even with LV leads placed at target sites of latest mechanical activation. These assessments of electrical dyssynchrony may be used during implant to guide LV lead positioning, and predict response to CRT.
